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ABSTRACT
DIFFERENT TREATMENTS OF BIOCHAR CARBON YP-50F TO ENHANCE
SPECIFIC CAPACITANCE OF SUPERCAPACITOR
EZALDEEN ADHAMASH
2020
High cost and environmentally unfavorable impacts are the significant difficulties
that prohibit renewable energy storage from many applications. To work with these
problems, novel renewable materials such as biomass derived carbon that have high
surface area and low cost should be used. Renewable biochar carbon YP-50, synthesized
from coconut, and activated using different plasma gases including methane (CH4),
carbon dioxide (CO2), hydrogen (H2), and argon (Ar). Compared with the conventional
activation method, the plasma treatment takes less effort and time. Significant
improvements of the specific capacitance (SC) and specific surface area (SSA) were
observed with different plasma treatments. For example, the CH4 plasma treated carbon
biochar offered the highest SC of 181.6 F g-1 at 0.05 A g-1 compared with other gases. In
addition, the highest energy density of 25.3 wh kg-1 was obtained at the specific power of
0.12 kW kg-1 for CH4 activated carbon. This enhancement of charge storage capacity is
distinctly associated with the distribution of a variety of pore sizes and a large surface
area. Furthermore, the charge transfer resistance reduced from 21.7 Ω to 1.4 Ω after CH4
was activated. High capacitance retention was achieved due to its excellent
electrochemical stability and good performance. Hence, this high-energy plasma
treatment with short manufacturing time created a new opportunity for the efficient
activation of carbon materials of supercapacitors with high electrochemical performance.
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Chapter 1
Introduction
1.1 Background
Currently, we rely extensively on fossil fuel for our electricity, gas and home
heating systems, among others. In 2017 we used approximately 97.8 million barrels of oil
daily, increasing to approximately 99.7 million a year later in 2018 [1]. This level of
consumption creates problems both for human beings and for the environment, one being
the global warming caused by the emission of carbon dioxide and other greenhouses
gases and a second, our limited energy resources. One way to address these issues is to
produce and use renewable sources of energy such as photovoltaic energy, wind energy,
hydro power and biomass. As these types of new energy are sustainable and
environmentally friendly, extensive effort has been made and research conducted on
replacing our current energy sources with renewable ones [2].
Renewable energy is produced by sources of fuel stored in the earth for a limited
period of time. They produce clean energy that does not include the emission of
greenhouse gas from fossil fuels nor some of the chemicals that cause air pollution. These
renewable energy sources reduce our dependency on fossil fuels and increases our types
of energy sources, the latter potentially generating new jobs in industry, thereby
improving the economy [1].
Table 1. 1Demonstrates the uses and the sources of energy [2].

Energy source

Energy Uses and conversion options

Hydropower

Power generation

Modern biomass

Heat and power generation, pyrolysis

2

Geothermal
Solar
Wind

power generation, hydrothermal
Electricity and heat home, solar machines
Electricity, Power generation, pumps

In 2012, 22% of the worlds energy consumption was from renewable energy
sources, the new way to generate energy [3].
The technologies involved in renewable energy are environmentally friendly,
have the potential to benefit the economy and society, and address global warming by
serving as a substitute for conventional fossil fuel based energy sources [4]. However,
one of their major problems is their loss of energy due to the long distance between their
source and the location of consumers. The locations for sources for renewable energy are
usually found in deserts or on wind farms located several kilometers away from cities. A
second problem is that they cannot produce the same amount of energy during all hours
of a day or during all times of the year. For example, solar and wind power can be
generated only when the wind is blowing or the sun is shining.
To address these issues, energy storage devices with high energy and power
density are required to allow storage of produced energy [5-7]. For example, batteries are
a common device for storing energy because of their high storage capacity with low
power values; however, they need a significant amount of time to charge and discharge
[5], the reason behind this is the ratio of stored energy to the available power is not
suitable with batteries and requires them to be oversize [8]. In addition, some applications
require high energy density of a time between 10 -2 s to 10 2 s for which batteries are not
suitable [4]. In current applications, supercapacitors have the advantage of fast charge
and discharge coupled with cycling stability, making them more useful than batteries.
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Over the last fifty years, the double layer capacitors have been the focus of much
research, becoming important electrochemical storage devices with the high power
energy that makes them suitable for many power applications [9]. Initially,
supercapacitors were developed for applications that depend on power electronics such as
starter systems in vehicles, trains and those requiring a balanced voltage.
Many companies have started developing city buses or trains that utilize
supercapacitors for recovery braking energy and electric drivers for short distance. For
example batteries in electric buses can be replaced with supercapacitors with fast charge
discharge times to balance the limited autonomy because of frequent stops [10].
In general, supercapacitors are suitable for the following two applications. The
first one is related to applications requiring high-power where short time power peaks
are required, and this application unsuitable for batteries. For example, electric doublelayer capacitors (EDLCs) can be used when a large current is required for a short period
of time as in the diesel engines of heavy vehicles and in hybrid vehicles. The second
application is related to low power applications, where batteries could work, but because
they have fewer lifetime performance and maintenance problems, EDLCs are preferable
to batteries. In this area, UPS and security installations are typical examples. In addition,
EDLCs are useful whenever high-power is needed or charge storage is wanted. Examples
include (i) starters where a supercapacitor offers the best power behavior and
functionality below zero degrees, both of which make it a more suitable choice than
batteries, and (ii) electrical vehicles, especially in small cars with a mean power of
approximately 30 kW. The power requirements of electrical vehicles to meet the
conditions of traffic on roads can be supported by supercapacitors. In addition,
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supercapacitors have many other applications, for example, in toys, elevators and radar,
among others [11].
Table 1.2 has details various properties of EDLCs and batteries such as energy and power
density, time of charge and discharge. As this table shows, EDLCs have a faster charge
and discharge times than batteries. In addition, the EDLCs outlive both capacitors.
Table 1. 2 Storage component property comparisons [11]
Properties

Capacitors

EDLC

Batteries

Energy density Wh/kg

0.1

3

100

Power density W/kg

107

3,000

100

Charge time [s]

10-3-10-6

0.3-30

>1000

Discharge time [s]

10-3-10-6

0.3-30

Cyclability

1010

106

1000

Ideal lifetime [years]

30

30

5

Efficiency [%]

> 95

85-98

70-85

1000 - 10000

Because a large surface area is an important property for electrodes in supercapacitors,
most researcher try to find materials with this feature that are inexpensive and
environmentally friendly while at the same time highly efficient. Carbon is one of the
most commonly used active materials: it has a large surface area and high conductivity,
and is inexpensive, environmentally friendly and easy to make. Carbon materials with
high surface areas generally contain activated carbon, graphene, carbon aerogels, carbon
nanotubes (CNTs) and carbon nanofibers [12].
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Unfortunately, even with the large specific surface areas of carbon materials, the
storage capacity of the charges in the porous electrode layers is still small. Although
graphene and carbon nanotubes have smaller surface areas than activated carbons, they
have a higher specific capacitance due to pore size distribution, pore volume and average
pore size. As the fabrication of electrodes for EDLCs from graphene and carbon
nanotubes is costly, activated carbon is a potentially more cost-effective material [13].
Because of the active redox reactions of pseudo capacitors, their specific
capacitance is usually higher than that of EDLCs. On the other hand, the stability of the
carbon materials in the EDLCs makes them more stable and exhibit better cycling than
pseudo capacitors. The research reported here focuses on the electrode material in elector
double capacitors.
Recently it has been found that the active material of porous carbon for EDLCs
prepared from biomass wastes, which is cheap and readily available, allows for high
surface (>2000 m2 g−1) bio-inspired activated carbons, which can be used in electrical
energy storage.
Typically, porous materials such as carbon have the advantages of being
inexpensive, easy to synthesize and stable, advantages that provide new options for the
electrolyte fabrication of supercapacitors. In addition, these porous materials have
channels of different volume sizes, increasing the speed of ion transport, thus reducing
the time needed to obtain a new electrolyte [14].
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1.2 Previous Work
Initial work in this field began in 1853 when Helmholtz described a new device
today known as the electric double-layer (EDL). Almost a century later in 1957, General
Electric used carbon material with a large specific surface area as the electrode, the first
production of a supercapacitor [15]. In 1971 the first commercial device for memory
backup was used by the Nippon Electric Company, who licensed this device [16].
In 1984 Nawa et al. obtained a specific power and specific capacitance of 11.1
kwkg-1 and 36.5 Fg-1, respectively, when they used activated carbon cloth as an electrode
in conjunction with an organic electrolyte. Their results were much lower than previous
ones because of large size and the package of their capacitor [17].
In 1996 Nakamura et al. mixed activated carbon with polytetrafluoroethylene
(PTFE) in acetylene black. The specific surface area was 1860 – 2120 m2g-1. Their
specific capacitance was so low that they did not mention it [18]. In their research
activated carbon was used as the electrode in the EDLCs, and internal resistance and
thickness were increased with high oxygen.
In 1996 Yoshida et al. developed an electrode by mixing activated carbons,
binding material and solvent on aluminum foils, subsequently drying it at 150o C for 12 h.
The activated carbons with particle sizes of 18.1 to 3.5 μm function as polarizable
electrodes with a capacitance of 10 F at a rated voltage of 2.3 V.
In 2001 activated milled mesosphere specific surface area of carbon fibers in the
range of 86 – 3000 m2g-2 were used as active material for a supercapacitor; the results
show increased specific capacitance even though the specific surface area was smaller.
These results show that its difficulty in having a large surface area and pore size resulting
in a high capacitance. It would be beneficial to know other information about the sample
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used in this study, for example, the equivalent series resistance (ESR) and the shape of
the pores [19].
In 2001 a heat treatment at 700o C was used to treat poly vinylidene chloride
(PVDC) for use as a carbon electrode for an EDLC; the specific surface area of 700 m2g-1
with specific capacitance resulted in 64 Fg-1 at 1 mA, results proportional to a
corresponding area larger than 2000 m2/g of ACFs using activated carbons [20].
In 2001 Rychagov et el. used activated carbon as electrodes with a specific
surface area of 1000 - 2500 m2g-1 and measured the electrochemical behavior using
voltammetry and impedance curves. The activated material of the electrode has a high
specific capacitance because that material is rich in micropores with radii of less than 1
nm [21].
In 2002 Pyun found that EDLC performance is related to the pore size of the
electrode material. Two types of as-reactivated carbon powder specimens and ARCPS II
with non-uniformly distributed pore size were used as the electrode materials.
Measurements of the resistive and capacitive were recorded, and cyclic voltammograms
were simulated and measured. The results showed that capacitance performance was
related to pore size distribution [10].
In 2002 Yang used CO2 to improve and optimize commercially activated carbon
(AC), and then he reactivated it using a NiCI2 catalyst at different temperatures. The
optimized AC was compared to the original, the results indicating that its specific
capacitance increased from 47.30 Fg-1 to 51.84 Fg-1 and that its resistance was much
lower than that of the original. These findings suggest that AC appears to be a suitable
material for EDLCs because of its high power density [22].
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In 2004 Wu et al. used firewood as the activated carbon component, subsequently
drying it at 110 o C over night before heating it to 550 o C in an oxygen environment.
Steam was heated to 900 o C in an oven. The resultant carbon was ground and washed
with DI water, kept in an oven to dry and finally sieved to obtain sizes ranging from
0.12 to 0.2 mm. They recorded 120 F g−1 with voltage between 0.1- 0.9 V in acidic
electrolytes, results indicating that steam-activated carbons comprise two groups, one
with micro-pores with diameters smaller less than 2 nm and the second, mesoporous with
a pore diameter of approximately 4 nm [23].
In further research in 2006, Wu et al. used a highly aromatic feedstock such as
fluidized catalytic cracker decent oil prepared in a delayed cooker. It was mixed with
KOH and activated at 750 - 900 °C. The solution was washed with HCI and DI water to
remove any remaining residual; a capacitance of 42 F g-1and resistance of 83 Ω were
found, indicating a low capacitance and a high resistance [24].
In 2007 Zhu et al. used polycondensation of resorcinol with formaldehyde
catalyzed by KOH. The gel solution was obtained by maintaining it at 363 K overnight;
under flowing nitrogen inside a furnace, the dried RF gel was carbonized as temperature
was increased from room temperature to 973 K. It was found that the specific surface
area and the pore volume increased from 522 to 2760 m2g-1 and 0.304 to 1.347 cm3g-3,
respectively, with an increased in the mass of KOH to R ratio was from 1 to 4. The
highest specific capacitance was 294 Fg-1 at a density of 1 mAcm-2. However, the pore
diameter decreased from 4.4 to 2.5 nm [25].
The specific capacitance was approximately 95 F g−1 for activated carbon was
synthesized by mixing it with C2H2/H2 gas at 630°C on a pretreated Al foil. The new
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surface material showed a very low internal resistance of 0.4 Ω cm2, meaning that the
new surface treatment did not affect the capacitive performance of the cells. In addition,
the specific capacitance remained the same after 10,000 cycles [26].
Polyacrylonitrile (PAN) was fabricated by carbonizing of activated carbon fiber
cloth, then activating it under CO2 gas and using it as electrodes for DLC. The specific
capacitance was 208 F g-1 at 0.05 Ag-1 and 600o C, decreasing to 129 F g-1 as the density
increased to 1 Ag-1 [9].
In 2012 hydroxyapatite nanoparticles (HA) were used as templates to create novel
hierarchical nanostructured porous carbon effectively and with minimum cost when
synthesized by different concentrations of HNO3. The specific capacitance increased
from 125.7 to170.1 Fg-1 at a scan rate of 2 mvs-1 in 1 M H2SO4 with a larger surface area
and the largest pore size [27].
Activated carbon derived from phenol-formaldehyde was used as an electrode for
EDLCs with H2SO4 as the electrolyte solution. The specific capacitance was 290 F g-1
[28].
Three-dimensional hollow MnO2/Carbon composites via a facile and rapid dipping
method, the purpose and benefit of compositing between manganese dioxide and porous
carbon was a high specific capacitance of 257 F g-1, the produced compound showed
good cycle stability after 2000 cycles [29].
The specific capacitances were 35 F g-1 and 40 F g-1 for two spherical carbons of
M500 and M3000 m2g-1, activated with NaOH and KOH for use as electrode in an
EDLC. These results showed a very small capacitance for both kinds of carbons [30].
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In 2006 a series of activated carbons (ACs) was obtained by heat-treatment of
a bituminous coal at temperatures ranging from 520 to 1000 °C, and use them as an
electrode in an EDLC in 6 mol L-1 KOH as the electrolyte. This work shows that pore
size is more important than a high surface area for increasing capacitance [31].
In 2013 nitrogen- doped carbon nanotubes were doped with nitrogen on Si
substrate under 800 o C. samples were studied using electron microscopy, Raman
scattering, X – ray diffraction, and charge/discharge cycling in an acidic electrolyte. As a
result, the nitrogen – doped carbon has protonation which induced negative charges on
carbon atoms, where it can increase the specific capacitance [32].
Graphite oxide powder was treated in a microwave for 1 min., the
characterizations showing a specific capacitance of 191 Fg-1 using KOH as the
electrolyte. This method is a quick and easy one for preparing electrode material for
supercapacitors [33].
In 2014 Jin et al. used activated carbon fibers (ACFs) fabricated by one-step
carbonization with different activation times as an electrode in a supercapacitor. The
specific capacitance was 280 Fg-1 at 0.5 A g-1 in MH2SO4. The electrochemical
performance enhancement and mesopore/micropore ratio to the micropore surface area
were controlled by the activation time [34].
In 2016 Lin et al. used the effect of NaOH/urea to treat biomorphic cotton fibers,
which were then used as an electrode in a supercapacitor. The capacitance increased to
221.7 F g-1 at 0.3 Ag-1, and the sample was stable after 6000 cycles at 2 Ag-1. In addition,
other electrochemical properties were enhanced as well [35].
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In 2015 Wang et al. applied molten sodium metal at a high temperature of 800 0 C
to create carbon fibers to serve as the electrode of a supercapacitor. The specific surface
area increased to 1716 m2g-1, and the device exhibited a large energy density (19.3 wh kg1

) where the specific capacitance was 175 F g-1 [36].
In 2016 Zhang et al. synthesized carbon microtube bundles from sawdust and 3D

nanostructured MnO2 using anodic electrodeposition. The contact between numerous
active sites and the electrolyte increased with this structure. The specific capacitance
increased to 716.6 F g-1 at a density of 1 Ag-1 [37].
In 2015 Wang et al. used a facile in situ chemical polymerization method to
fabricate PPy at Nanocellulose at Graphene oxide (PNG) to make a robust and compact
freestanding conducting polymer paper electrodes. The capacitance of the PNG paper
electrode increased to 198 Fcm-3 [38].
In summary, this previous work suggests that the materials used in an electrode
for DLCs such as graphene, carbon nanotubes, and single and multiple wallet carbon
nanotubes are neither cheap nor environmentally friendly, thus suggesting that they could
be replaced with a material that is cheaper and more environmentally friendly such as
activated biochar (YP-50) as electrode material for EDLCs. The activation of YP-50 is
achieved using a plasma treatment of 10 min with different gasses.
Electrophoretic deposition (EPD) is a rapid, active method for depositing carbon
onto a metal substrate such as nickel foil that has been used for such different materials as
graphene and carbon nanotubes. However, adhesion is one of the main problems in using
this method for activated biochar. The use of common binders such as PTFE and PVDF
does not increase the adhesion. However, there are no reports of the fabrication of
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supercapacitor electrodes using electrophoretic deposition of activated and plasma treated
biochar nor of any research on the effects of other gas plasma treatments such as
methane, carbon dioxide and Argon on activated biochar
1.3 Motivation:
To develop a fast and reproducible technique for the deposition of activated
carbon on electro double layer capacitor electrodes to obtain more capacity than is
currently commercially available with activated biochar generated using the hydraulic
press method.
1.4 Objective:
Increase the specific surface area of biochar YP-50 using plasma treatment or
gamma radiation to obtain a specific capacitance of more than 180 Fg-1.
1.5 Task List:
1) Activate the biochar using different gas plasma treatments such as CH4, CO2, H2 and
Ar.
2) Use gamma radiation to treat biochar YP-50 with different gamma rays such as 50
kGy, 100 kGy and 150 kGy.
3) Fabricate and characterize a supercapacitor using electrochemical analysis.
and study the surface morphology using SEM and BET to measure the pore size
distribution and particle size.
4) Use versa STATE-3 to measure the electrochemical properties of the supercapacitors
after plasma and gamma treatments using CV, EIS and charge discharge curves.
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Chapter 2
Theory
2.1 Supercapacitors
2.1.1 Supercapacitor theory
A supercapacitor, a double layer capacitor also known as an ultracapacitor, is an
electronic device that can store ten times more energy or charge than an electrolytic
capacitor.
It comprises two conductive electrodes of the same area immersed in an
electrolyte solution with a separator (dielectric material) between them to prevent
electrical shorting.
When an electrical current flow into the capacitor and the two electrodes are
connected to a voltage source by a lead wire, the charges, + Q and – Q, remain on the
conductor as they cannot flow through the insulator. In addition, as opposite charges
attract each other, negative charges move to the positive electrode and the positive to the
negative as shown in Figure 2.1.
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Figure 2. 1 Simple diagram of a supercapacitor [39]

After applying a voltage for a period of time, the conductors are unable to accept
any more charge, and the existing charge begins to repel charges. Capacitance, the
typical measurement of a capacitor, is the amount of charge that can be stored on an
electrode. Thus, it is the ratio between the applied voltage and the stored charge. As a
result, the capacitance, C is given by
𝑄

𝑐=𝑉

𝐶=

(2.1)

𝜀𝑟 𝜀0 𝐴
𝑑

where 𝑄 𝑖𝑠 the charge stored in two electrodes, 𝑉 is the voltage applied, 𝜀0 is the relative
permittivity of air, 𝜀𝑟 is the relative permittivity of the material, 𝐴 is the electrode area

(2.2)
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and 𝑑 is the distance between the electrodes. Based on the behavior of a capacitor,
supercapacitors cannot be described as a single capacitor but rather as many capacitors as
seen in Figure 2.2.

Figure 2. 2 supercapacitor schematic
So, the total capacitance of supercapacitor is given by
1
𝐶

1

1

1

= 𝐶1 + 𝐶2 + 𝐶3

(2.3)

However, supercapacitors involve losses, one being the series resistance ESR,
also known as the internal resistance in the supercapacitor, which is caused by such
imperfections in the properties of the EDLC’s materials as the pore size of particles,
contact resistances, and electrolyte conductivity, among others, Reducing the ESR in a
supercapacitor will lead to a corresponding reduction in voltage and power, resulting in a
longer lifetime. A second parameter that can affect the performance of a supercapacitor
is the work, which is represented as
1

𝑤 = 2 𝑐𝑣 2

(2.4)

Supercapacitors work at low voltages, a further disadvantage.
The power, P, of a capacitor is given by
𝑣2

𝑝 = 4𝑅

(2.5)

The power density (P) of a supercapacitor is higher than for a normal capacitor, a result
of their large surface area (SA) and the small distances between the electrodes (thickness
of a few atoms). Power density and energy density are the two main factors that can
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affect the type of storage device needed for a specific application. Figure 2.3 plots the
power density versus the energy density of various types of storage devices, including
fuel cells, batteries, supercapacitors and capacitors. Fuel cells exhibit the highest energy
density and the lowest power density compared to electrolytic capacitors which have the
highest power density but the lowest energy density. Supercapacitors fall between
batteries and capacitors, meaning they have high power density and reasonable energy
density.

Figure 2. 3 A comparison of the power density and the energy density of fuel cells,
batteries, supercapacitors and capacitors [40].
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2.1.2 Components of supercapacitors
The primary components in EDLCs are the electrode materials, usually composed
of high surface area carbon materials with a low viscosity, good conductivity and a wide
electrochemical window for the electrolyte, a separator, and a metal collector. When
voltage is applied to the supercapacitor, a double layer is created between the carbon
surface of the electrode and the electrolyte of the two electrodes.
2.1.2.1 Carbon electrode
In order to get all the advantages of electric double-layer capacitors, it is
important to increase the contact area between the electrode and the electrolyte without
increasing the volume of the cell. To achieve this goal, materials with a high specific
surface area should be used as the electrodes. Typically, carbon materials are used
because of their advantages including a large surface area, inexpensive cost and high
porosity [41]. Currently, the forms of carbon most frequently used are activated carbon,
carbon nanotubes, carbon onions and graphene.
2.1.2.2 Activated carbon (AC)
Currently, activated carbon (AC) is the most widely used material for
supercapacitor electrodes. AC can be synthesized from common raw materials such as
banana skins and animal and plant waste, among others. These natural resources are
treated at high temperatures under inert atmospheric gas conditions [8, 42]. AC material
has a large surface area and is inexpensive [8, 42, 43].
2.1.2.3 Carbon nanotubes (CNTs)
Carbon nanotubes (CNTs) are graphene sheets with carbon atoms connected to
each other with covalent bonds. CNTs are categorized based on the number of layers of
graphene sheets, as a single - walled CNT (SWCNT) or a multi-walled CNT (MWCNT).
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CNTs are promising materials for supercapacitor electrodes as their physical and
chemical composition is very stable and exhibits low hydrometric density and good
electrical conductivity [44].
2.1.2.4 Graphene
Graphene, which is one-atom thick [45, 46], has many advantages, for example a
large surface area, good electrical conductivity and good thermal stability [45]. Graphene
is a suitable material for electrochemical double layer capacitors due to its rate and cycle
capability.
2.1.2.5 Separator
In EDLCs, the two electrodes are very close to each other, meaning they have a
high chance of touching, damaging the supercapacitor. To forestall this, a thin separator
is placed between the two electrodes. This separator can be made from rubber, cellulose
or a porous polymer, all of which allow ions to move easily from the electrolyte to the
electrode. These separators should be thin and exhibit high electrical resistance to
perform well as a supercapacitor.
2.1.2.6 Electrolyte
The electrolyte plays a major role in stabilizing other parameters in
supercapacitors such as cycle life, enhanced performance and internal resistance, all of
which are very important for improving supercapacitor performance. Although many
types of electrolytes have been used in supercapacitors, two major ones are liquid
electrolytes and solid electrolytes as seen in Figure 2.4. Types of liquid electrolytes
include aqueous, organic and ionic electrolytes, while solid electrolytes include polymer,
gel and inorganic types. However, none of these meets all the requirements for a
supercapacitor. For example, aqueous electrolytes have high capacity and ionic
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conductivity but their ESW is very low. On the other hand, ionic liquid electrolytes
exhibit higher energy density compared to some other electrolytes.
An electrolyte usually involves a solvent containing salts that can break down to
produce ions during conductivity under applied voltage. The performance of a
supercapacitor is affected by the type of electrolyte. The electrolyte used should have
good ionic adsorption, good electrochemical performance and high specific capacitance.
The three electrolyte types in supercapacitors are aqueous medium, organic medium and
ionic liquids.
2.1.2.6.1 Aqueous electrolyte
Aqueous electrolytes are used in supercapacitors because they are inexpensive
and easy to use. Typically, they consist of an aqueous solution of an acid (H2SO4) and a
base (KOH), providing low resistivity and high-power density. One problem with an
aqueous medium is that the voltage window is very low, meaning the energy density is
also very low. The aqueous electrolytes composed of an acid and an alkaline have a
limited voltage of approximately 1.23 volts.
2.1.2.6.2 Organic electrolytes
Organic electrolytes are currently used in supercapacitors due to their higher
voltage window compared to aqueous electrolytes. The organic electrolyte contains
quaternary ammonium salts, typically Et4NBF4, which have good solubility and high
conductivity. The voltage window range of organic electrolyte is 3.75 volts. The
disadvantages of organic electrolytes are that they have low conductivity as well as a low
power and energy density [47].
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2.1.2.6.3 Ionic liquid electrolyte
An ionic liquid electrolyte (ILE) is a good electrolyte for supercapacitors because
of its advantages including high thermal stability up to 300 o C, a high voltage range up
to 6 V and good conductivity [48]. An ILE also exhibits an optimal ion size, creating a
favorable relationship between pore size and ion size. The disadvantage of an ionic
liquid electrolyte is that its conductivity is low, around 14 mS cm-1 at room temperature
[47].

Figure 2.4 The important types of electrolytes.
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2.1.3 Electric Double Layer Capacitors (EDLCs)
The electric double layer (EDL) separating ions from the electrolyte and the
electrode surface is formed during the electrochemical double layer capacitor process.
Helmholtz first described this layer in 1853, saying it is the separation of charges at the
electrode-electrolyte interface during polarization with a double layer distance of a few
atoms thick as explained by the Equation 2.6. The Helmholtz simple model shown in
Figure 2.5 consists of negatively charged ions and a positively charged surface trying to
attract each other with a distance (d) between them.
1 − 𝛾𝑒 [exp(∝ 𝑑) − 1] = 0

(2.7)

Figure 2. 5 Helmholtz simple model
However, the Helmholtz simple model does not give us the complete picture of
the electrolyte double layer because it does not show the ions that move by thermal
motion. Gouy and Chapman extended Helmholtz’s model by including the double diffuse
layer seen in Figure 2.6 that shows the motion of the ions. They suggested a new model
that added the thermal motion of ions to the graph, the potential reducing very quickly
from the surface to the liquid bulk.
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Figure 2. 6 The Gouy and Chapman model [49].
The two models are combined in the Stern model, which includes an EDLC
containing what Helmholtz suggested, that is a compact layer with ions strongly
adsorbed onto the electrode surface, combined with the diffuse layer from the Gouy with
Chapman model. Figure 2.7 shows the Stern model, which is comprised of two layers, the
IHP and the OH. The IHP is the inner Helmholtz plane which includes only anions, while
the OHP is the outer Helmholtz plane, which contains both solvated cations and anions.
The area between these two layers is the Stern layer. The two potentials of the surface
and the electrode/electrolyte interface are represented as ѱo and ψ, which are related to
the electrolyte and the electrode material with the double layer capacitance being
approximately 5 - 20 µF cm-2. According to Stern, the total electric double layer
capacitance (EDLC) as stated is the total of the Helmholtz/compact EDLC and the
diffusion region capacitance. Cdl is the double layer capacitance, given by the equation:
1
𝐶𝑑𝑙

=

1
𝐶𝐻

+𝐶

1

𝑑𝑖𝑓𝑓

(2.8)

where CH is the double layer capacitance (DLC) and Cdiff is the diffusion capacitance.
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Figure 2. 7 Stern model [50]
2.1.4 Binder
Activated carbon (AC) should be densely bonded to produce a low resistance and
a high capacitance. A polymeric binder that binds carbon particles with other particles
and with the electrode metal should be safe and easy-to-use. In addition, the binder used
in EDLCs should also have the advantages of being easy to insert inside the electrolyte,
stable at various electrochemical window potentials and effective at low material
concentration. The binders most frequently used in supercapacitors meeting these
requirement include polytetraluoroethylne (PTFE), polyvinylidenedifluoride (PVdF),
polyvinyl alcohol (PVA), sodium carbooxymethyl cellulose (CMC) and styrenebutadiene
rubber (SBR) [51].
PTFE is the most effective binder used in EDLCs because of its broad
temperature range of 70 to 270 o C. However, its disadvantage is its weak adhesion to an
aluminum current collector, and as a result it requires a conductive layer on top of the
aluminum to provide good adhesion. PVdF is a common binder that requires a supporting
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evaporative organic solvent. Ethyl cellulose is environmentally friendly and the most
abundant natural polymer as well as involving the least complicated manufacturing
process. However it cannot dissolve in water and is insoluble in most organic solvents
[52]
2.1.5 Cyclic Voltammetry
To calculate the current of the electrochemical cell, cyclic voltammetry (CV) is
typically used; the measurement of this voltage is higher than the Nernst equation
voltage. To measure the CV of the cell, the working electrode potential should measure
the current resulting from that voltage. More specifically, the working electrode potential
is measured across a reference electrode with a constant voltage.
As seen in Figure 2.8, a CV excitation signal shows the working electrode
potential against a reference electrode potential at a constant voltage and at a constant
scan rate. Cycle 1 begins scanning through Point (a) and then moves to the negative, the
smallest potential Point (b). Next, the scanning scale rate reverses its path and moves to
the higher and most positive potential at Point (d) through Path (c). Cycle 2 repeats Cycle
1 which should result in a similar voltage response. From the CV excitation signal, the
scan rate can be measured.
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Figure 2. 8 Cyclic voltammetry of excitation signal [53].
Figure 2.9 shows a basic diagram of a cyclic voltammetry of a capacitor voltage vs. time
(s). CV can be run in two or three electrode cell connections, with three electrodes being
the most common connection in basic research. The electrode potential (E) is represented
in equation (2.9) where Ei is the initial potential (volts), v is the sweep rate (v/s) and t is
the time (s). If the scan rate is inverted, the electrode potential, E, will be described by
Equation (2.10) where Es is the potential at the inverted point.

Figure 2. 9 Cyclic voltammetry of a capacitor voltage vs. time [54]
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𝐸 = 𝐸𝑖 + 𝑣𝑡
𝐸 = 𝐸𝑠 − 𝑣𝑡

(2.9)
(2.10)

The shape of the CV in an ideal supercapacitor is a rectangular because even though we
have different voltage directions, the current value must always be the same as can be
seen in question I (Am) = C (dv/dt), where I is the current, C is the capacitance and dv/dt
is the scan rate. The current becomes positive or negative depending on the direction of
the voltage scan rate. The formula for determining specific capacitance (SC) based on a
CV diagram of a supercapacitor is:
𝑆𝐶 =

2𝐼
𝑚

𝑑𝑣
𝑑𝑡

(2.11)

where I is the current at zero potential, m is the mass of both electrodes and dv/dt is the
scan rate.
2.1.6 Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) is an electrochemical
measurement for measuring the factors in electrochemical reactions, including the cell
resistance and the determination of an equivalent capacitance at a specific frequency [55]
[56]. Figure 2.10 (a), known as a Nyquist plot Randles circuit, shows the electrochemical
impedance spectroscopy of a real vs. imaginary impedance at different frequencies, with
Re being the resistance between the electrode and electrolyte where the semi-circle
begins. The diameter of the semicircle gives Rct, which is the charge transfer resistance.
The resistances of EDLCs include two important parts in the Randles circuit as shown in
Figure 2.10 (b) where Cd is the double layer capacitance and Zw is the Warburg diffusion
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element. Cd is connected in parallel with the series connection of Rct and Zw and then
connected in series with Re. The Warburg impedance, Zw, is given by
𝑍𝑤 = 𝜎𝜔−0.5 (1 − 𝑗)

(2.12)

The Warburg coefficient (σ) is given by,
𝑅𝑇

1

𝜎 = 𝑛2 𝐹2 𝐴√2 (𝐶 ∗0

√𝐷0

1

+ 𝐶 ∗𝑅

√𝐷𝑅

)

(2.13)

Figure 2. 10 (a) Real vs. imaginary impedance, (b) Randles circuit of an EDLC [57]
2.2 Electrophoretic Deposition
Electrophoretic deposition (EPD) is a simple technique for depositing materials
on the surface of a conducting substrate. Figure 2.11 is a simple diagram of the EPD of
carbon nanotubes (CNT). The DC voltage was applied to the positive and negative
electrodes, with the negative wire serving as the conducting substrate and the positive
wire being another material. The distance between the two electrodes is approximately 2
cm. When DC voltage is applied, the particles in the solution become negatively or
positively charged, move to the electrode of the opposite charge and are deposited on it.
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Figure 2. 11 A simple diagram of EPD of CNT [58]
2.2.1 Parameters related to electrophoretic process
After a significant passage of time of EPD, the deposition rate decreases or stops
even though the electric field is still being applied at a constant rate. The reason for this
change is that the power of the electric field decreases with increasing EPD time and the
thickness of the layer of deposition becomes thicker with the increase in time. An
additional issue with EPD is that the quality of the film deposition also becomes poor
under high applied voltage because the charged particles will move so fast that the
surface becomes rough and lacks a compact structure.
2.3 Brunauer-Emmet-Teller theory for surface area and pore size distribution
The Brunauer, Emmett and Teller (BET) theory is an excellent method for
measuring the surface area and pore size distribution of powder materials. For example,
the surface area of carbon powder is measured by calculating the amount of gas
adsorption by the surface of the powder. The force between the adsorbate gas molecule
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and the surface area is referred to as the van der Waals. The BET adsorption isothermal
equation is
1
𝑣 𝑝0
0( −1]
𝑝

=

𝑐−1
𝑉𝑚

𝑝

𝑥𝑝 𝑥𝑣
0

1

(2.14)

𝑚𝑐

where V0 is the volume of gas adsorbed at standard temperature and pressure, Po is the
saturated pressure (Pascal) of the adsorbate gas, P is the partial vapor pressure (Pascal) of
the adsorbate gas in equilibrium, and Vm is the volume of gas adsorbed. The value of

𝑐−1
𝑉𝑚

is the line slope and the intercept equal to 1/(VmC). Using linear regression, the values of
C and Vm can be found [59]. The specific surface area, S, can be determined by using the
formula
𝑣𝑚𝑁

𝑎
𝑠 = 22400𝑥𝑚

(2.15)

where N is the Avogadro constant (6.022 x 1023 mol-1), a is the effective cross-sectional
area of one adsorbate molecule in square meters, m is the mass of the test powder in
grams and 22,400 is the volume occupied by 1 mole of the adsorbate molecule in square
meters [59].
2.4 Plasma treatments
Plasma, the fourth type of matter, contains active species such as ions, atoms and
excited species. Ionized gases are conductive in nature [60]. Figure 2.12 shows the
Townsend discharge of gas breakdown. When DC voltage is applied in a vacuum tube, an
initial current is created at the cathode where an electric field develops in the opposite
direction of the current. Inside a vacuum tube, a free electron collides with an atom of gas
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to create two electrons and a positive ion. Then each electron collides with another atom
to create two electrons and a positive ion, a process that ionizes the medium inside the
tube, which then is known as plasma [60].
The formula for the current, I, is represented by the equation below:
𝑖 = 𝑖0

exp(∝𝑑)
1−𝛾𝑒 [exp(∝𝑑)−1]

(2.16)

where io is the initial current, α is the Townsend’s first ionization coefficient, γ is the
Townsend’s secondary ionization coefficient, and d is the distance between the cathode
and the anode.

Figure 2.12 Diagram of Townsend discharge of gas breakdown
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Different sources of power can be excited to create plasma medium, one of these
models being capacitively coupled plasma. The diagram in Figure 2.13 shows an example
of a capacitively coupled plasma consisting of electrodes with d distance between them
and a voltage source (radio frequency). The electric field of the RF can be explained by:

𝐸 = 𝐸0 sin 𝑤𝑡

(2.17)

Figure 2.13 Diagram of a capacitively coupled plasma

The plasma process involves a reaction with a powder surface such as carbon to
increase surface area and add more porosity. The primary advantages of the plasma
process are that it does not require chemical solutions or toxic materials and it occurs at
low temperatures. During plasma activation different functional groups can attach to the
surface of the carbon material.
2.5 Surface morphology of carbon particles
Carbon materials have been widely used as supercapacitors electrodes because of
such advantages as their being the sixth most abundant element in Earth, their
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inexpensive cost and their high conductivity. Typically, carbon materials in different
electrolyte solutions are stable under different temperatures, allowing them to have a
higher conductivity than most materials that have been used as electrodes in
supercapacitors. Carbons have another advantage in that their morphology and porosity
can be easily modified using a process involving oxidizing agents. This process, called
activation, creates highly porous materials with surface areas ranging from a few
hundreds to more than 2000 m2g-1.
The pore diameter includes three sizes: macropores with diameters larger than 50
nm, mesopores with diameters between 2 and 50 nm and micropores with diameters
smaller than 2 nm. Modifying and controlling the size of pores is very important for
increasing the surface area of carbon materials, which plays an important in increasing
specific capacitance, which, in turn, leads to increasing the diffusion rate of the ions
during the charge-discharge process. The important differences between supercapacitors
and batteries are listed in Table 2.1. Due to their high storage capability coupled with
their low volume and light weight, batteries have been used as energy storage device in
my applications [61]. The major issues with batteries are their low power density and
short cycle life, an important concern because high power delivery in a short amount of
time is needed in today’s applications. As a result, because of their higher power density,
increased stability supercapacitors (SCs) are being used in conjunction with batteries in
many applications.
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Table 2.1 The different properties of batteries and supercapacitors

Property

Batteries

Supercapacitors

Specific energy (E )

High (30 – 150 whkg-1)

Moderate (<10whkg-1)

Specific power (P)

0.5 kwkg-1

2 kwkg-1

Electrochemical

Activation

Little activation polarization

Storage mechanism

Chemical

Physical

Cycle life

Physical stability

Side reaction

Discharge efficiency

Slow and depends on
internal resistance

Fast and efficient

2.6 A comparison between supercapacitors and batteries
The mechanism for the storage of energy, for example the faradaic and nonfaradaic reactions, is the fundamental difference between supercapacitors and batteries.
For example, a supercapacitor stores energy immediately as an electrostatic charge due to
the formation of the double layer between the electrode and the electrolyte interface [8].
The structure of the double layer in supercapacitor is a very fast process, resulting in high
power devices. A battery on the other hand, stores energy through a chemical reaction
between the two electrodes as they are oxidized or reduced. The kinetic energy of a redox
reaction in a battery is very slow and the controlled mass transport between the electrodes
reduces its power performance [62].
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Limitations and applications of supercapacitors
Supercapacitors are primarily used in applications requiring many cycles of
charge and discharge. However, today, cars, trains, buses and elevators use
supercapacitors for short term energy storage [63]. Unfortunately, supercapacitors have
limitations such as their energy density is more expensive than that of batteries [10]. In
addition, the power density of supercapacitors is lower than the power density of
batteries. Thus, due to their high energy cost, electrochemical capacitors are not widely
used [63].
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Chapter 3
Experimental Procedures
3.1. Electrophoretic deposition of biochar electrodes
This study used commercially available carbon biochar YP-50F, synthesized from
coconut and activated by steam from Kuraray Chemicals Company, as the activated
material. One-fourth g of biochar, 0.025 g of ethyl cellulose and 0.025 g of acetylene
black were mixed with 75 mL of isopropyl alcohol (IPA). This biochar solution was then
ultra-sonicated for 30 minutes, followed by stirring for 20 minutes using a stirrer. Nickel
foil, with dimensions of 2.5 x 2.5 cm, was selected as the substrate. This substrate was
cleaned in DI water with soap for 20 minutes, ethyl alcohol for 20 minutes and IPA for
20 minutes. Copper foil of the same dimensions as the nickel was used as the second
substrate, and both were dipped in the biochar solution, separated by a distance of 2 cm.
The nickel foil was connected to the positive wire, and the copper foil was connected to
the negative wire; a voltage of 80 v DC and 0.15 Ampere were applied for 10 minutes.
The EPD experimental setup can be seen in Figure 3.1 below:
.
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Figure 3. 1 Electrophoretic deposition setup [64]

3.2. Plasma activation and morphology characterization of biochar
3.2.1. Plasma setup and treatment for biochar activation
Figure 3.2 shows the plasma setup device in the Electrical Engineering and
Computer Science Department at South Dakota State University (SDSU). It consists of a
quartz glass tube, 1.0 m long with a diameter of 42.55 mm and a thickness of 3.45 mm,
connected to a gas cylinder on one side and a vacuum pump on the other. A frequency
power supply (Kurt J. Lesker Company) with a radio frequency of 13.56 Hz and 90 w of
power was connected to the quartz tube. A water cooler was connected to the power
supply to cool the temperature of the power supply temperature. One-tenth gram of
biochar powder was placed in a ceramic boat such that the plasma etched the surface
powder completely. This ceramic boat containing the carbon was placed inside the tube
between the two wires of the power supply, and the mechanical vacuum pump was turned
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on to create a vacuum environment. Various gases, specifically methane, argon, nitrogen
and hydrogen, were passed through the glass tube, with the pressure being controlled by a
small regulator. This plasma treatment was applied for 10 minutes for each gas.

Figure 3. 2 Schematic of plasma tube system at SDSU

3.2.2. Surface morphology characterization
3.2.2.1. Scanning electron microscopy
Figure 3.3 shows the Hitachi S-3400 scanning electron microscope (SEM) used to
measure the particle size and the change in the morphologies of the materials after plasma
activation. According to the SEM manual, the accelerating voltage is 10 kv, and the
emission current is approximately140 µA.
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Figure 3. 3 Hitachi S-3400 scanning electron microscope (SEM) at SDSU
3.2.2.2. Raman spectroscopy
Figure 3.4 shows the Horiba LabRam HR spectrophotometer used in this study to
distribute the SP2 and SP3carbon on the surface of the biochar at room temperature. To
avoid local burning of the samples, the intensity of the laser was reduced by using neutral
density filters. The power supply and a diode-pumped solid-state laser generated an
excitation wavelength of 532 nm. Using a (20×) objective lens, a D1 filter and 1800
grating, the intensity of the laser at a wave window of 500 - 2500 cm-1 was measured at
different areas on the sample to ensure valid and reliable data were collected.
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Figure 3. 4 Horiba Raman spectroscope at SDSU

3.2.2.3. Surface area and pore size measurement
The specific surface area (SSA) and the pore properties of the biochar activated
with the plasma were measured using nitrogen adsorption-desorption measurements. The
Brunauer-Emmett-Teller (BET) tests were conducted using the Micromeritics – ASAP
2020 seen in Figure 3.5. Isotherm adsorption of N2 at 77 K was performed, and then the
surface area was calculated using the Brunauer Emmett Teller (BET) equation. The
volume of the micropores and mesopores of the biochar were measured using the Barrett,
Joyner and Halenda (BJH) analysis of carbon at a relative pressure of 0.995 Po.
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Figure 3. 5 ASAP 2020 pore properties analyzer
3.3. Supercapacitor assembly
After deposition of the biochar on the nickel foil, the electrodes were heated to 90
o

C in a furnace (Thermo Scientific) overnight in a vacuum environment. An MTI

precision disk cutter (MSK-T-06) was used to cut the electrodes into 15 mm diameter
circles. Next, two pieces of tissue paper were cut into circles with diameters of 16 mm
and placed between the electrode. The remaining components needed for the
supercapacitor fabrication, which were ordered from Power Stream, included the positive
and negative metal casing, a metal contact and a spring. Figure 3.6 shows the components
of the resulting EDLCs.
Then, one electrode was inserted into the positive metal casing, and two
separators were dipped in 6 mol KOH for 5 minutes and placed on top the electrode. The
other electrode was placed on of the separators, and any bubbles between the two
electrodes and the separators were removed. The metal contact and a spring were then
placed on top of the components. The last component was the negative metal casing, the
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supercapacitor was sealed with 1 Ton PSI using hydraulic crimping (MSK-100, MTI
Corp). We waited 24 hours before taking measurements.

Figure 3. 6 Shows the supercapacitor components

3.4 Cyclic voltammetry measurement of supercapacitors
The Ametek Versa STAT 3 potentiostatic system with two electrodes seen in
Figure 3.7 was used to obtain the cyclic voltammetry (CV) and the electrochemical
impedance spectroscopy (EIS) of the supercapacitor. The potential windows were set to
the range of 0 to 1V, and the frequency was varied from 0.1 Hz to 100,000 Hz with a
potential amplitude of 10 mVs-1. Figure 3.8 shows the setup for the CV test. The
supercapacitor was connected to the system, with the sensor probe and working electrode
probe being connected to one side while the other side was connected to the reference
electrode probe and the counter electrode probe. To ensure accuracy, 10 cycles were
measured for each cell to make sure that the CV for each cycle resulted in a consistent
shape.
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Figure 3.7 An Ametek Versa STAT 3 potentiostatic system at SDSU

Figure 3.8 Functional diagram of the CV measurement system
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3.5 Electrochemical impedance spectroscopy of supercapacitors
The real vs. imaginary impedance of the supercapacitor is an important
measurement because it informs us about the charge transfer and characterization of the
electrode material. An Ametek Versa STAT 3 – 200 Potentiostat was used to measure the
EIS, the results being given as a Nyquist plot of the values of the charge transfer
resistance (Rct) and the equivalent series resistance (Rs). Figure 3.9 shows the map
diagram of the impedance spectroscopy measurement of the supercapacitor. As this
diagram shows, for the functional experiment of the EIS, the counter electrode probe
from the device and the reference probe were connected to each other as one electrode to
one side of the supercapacitor, and the sensor probe from the Ametek Versa and the
working electrode were connected to each other and to the other side of the
supercapacitor. The Nyquist measurements began at a zero-bias voltage at 10 mV with a
frequency window of 0.1 Hz to 100 KHz.

Figure 3.9 The EIS experiment diagram
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3.6 Specific capacitance vs. number of cycles of supercapacitors
The specific capacitance vs. the number of charge/discharge cycles was measured
using a channel Battery Analyzer (MTI corp.). As Figure 3.10 shows, in this setup the
cell is placed between the two terminals, and a current is passed through it. The specific
capacitance of the EDLCs was measured for 10,000 charge/discharge cycles. The specific
capacitance, C, was calculated using the equation below:
4𝑖𝑑𝑡

𝐶 = 𝑚𝑑𝑣

(3.1)

where C is the specific capacitance (Fg-1), I is the current in A, m is the mass of carbon in
the two electrodes in gm and dv/dt is the scan rate in vs-1. The energy density and power
density were calculated using the following two equations:
1

𝐸 = 2 𝑐𝑣 2 (wh kg-1)
𝑝=

𝐸 𝑥 3.6
∆𝑡

(kw kg-1)

(3.2)

(3.3)
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Figure 3. 10 Channel Battery Analyzer at SDSU
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Chapter 4
Results and analysis

4.1 Morphological characterization of carbon biochar
4.1.1 Scanning electron microscope (SEM) images of biochar before and after treatment
Figure 4.1 shows SEM images of untreated, Ar, H2, CO2 and CH4
activated biochar, respectively. The particles of biochar carbon are mixed of small and
large forming inhomogeneous rough surface compared with plasma treatments carbons.
The average of particles size was ( 40 µm) (Figure 4.1a). Following the Ar and H2
activated biochar surface, the particles size became smaller than untreated and the
average of the particles size was ( 15 – 40 µm) (Figure 4.1b, c). After CH4 and CO2
plasma activation, the biochar particles became more smaller and loose with few largesize particles remained (4.1d,f). In general reveals that plasma treatments results in
significant change in the morphology of Biochar carbon. As a result of plasma activation,
the particles in the modified biochar broke into small pieces due to plasma etching, which
made more of the surface areas accessible to the electrolyte [65]. This phenomenon could
be attributed to the change of biochar surface morphology due to the interaction of
energetic electrons and active free radicals in the plasma system [66, 67]. Therefore, from
the results of SEM images increasing specific capacitances were expected.
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Figure 4. 1 SEM images of (a) biochar, Activated biochar with, (b) Ar, (c) H2, (d)
CO2 and (f) CH4 plasma

4.1.2 X-Ray Diffraction (XRD) analysis of biochar before and after plasma treatment
Figure 4.2 shows the XRD patterns of the biochar as a received, Ar, H2, CO2, and
CH4 plasma activated. All the samples have a similar diffraction pattern with two broad
peaks at 2θ diffraction angle of 23º and 43.76º, corresponding to (002) and (100) miller
indices. Where the (002) peaks for all the samples can be attributed to amorphous
structure state [68] and the higher angle (100) peaks can be due to the graphite structure
[69]. The XRD patterns showed that the high broadness with high intensity of both peaks
indicates that a considerable degree of disorder in all the samples before and after [70].
CH4 and CO2 activation samples have high intensity more than other samples that
indicates to more disorder and randomly.
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Figure 4. 2 XRD diffraction patterns of the carbon biochar activated by different
plasma gases

4.1.3 Nitrogen adsorption-desorption isotherms analysis of biochar before and after
plasma treatment
The pore properties of biochar treated with plasma were further characterized by
nitrogen adsorption-desorption measurements. As can be seen in Figure 4.3, the similarity
of their adsorption isotherms indicates that N2 adsorption may follow the same kinetics in
adsorbing onto the samples. All the samples including the untreated one showed a
mixture of Type I and IV isotherms with small hysteresis loops indicating little hysteresis
loss [71]. At low values of P/Po the adsorption increases sharply, and the hysteresis loop
appears at low pressures, suggesting that this adsorbent is narrow- pores. In addition, the
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larger the specific surface, the smaller the pore radii R are [72]. Therefore, the isotherms
demonstrate a steep increase at low relative pressure (P/P0 ˂ 0.2), indicating the presence
of a microporous structure At relative pressure (P/P0 =0.5 - 0.9), the area of the hysteresis
loop increased in the middle of the curve, indicating the presence of numerous
mesoporous in all the plasma treated biochar [73]. Table 1 lists the BET Specific Surface
Area (SSA) results and the pore structure parameters of the untreated and the treated
plasma samples. The cold-plasma treated samples showed high SSA in the range of 1488
-1580 m2g-1, with total porous volume ranging from 0.49 to 0.52 cm3g-1 and the average
pore width ranging from 1.89 to 2 nm.

Figure 4. 3 Nitrogen adsorption-desorption isothermal of the biochar and the Ar,
H2, CO2, and CH4 plasma treated samples
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Table 4. 1The BET and pore structure parameters of the control and the treatment
samples

SBET a) /

T-micropore volume b)/

Average pore width

m2g-1

cm3g-1

/nm

1451.2

0.46

1.82

Ar

1527

0.50

1.86

H2

1488.1

0.49

1.90

CO2

1531.8

0.51

1.93

CH4

1580.2

0.52

1.98

Samples

Control
sample

a) Specific surface area determined using BET method.
b) Total micropore volume at P/P0 = 0.99.
4.1.4 Raman Spectroscopy analysis of biochar before and after plasma treatment
Figure 4.4 shows the Raman spectroscopy of biochar and Ar, H2, CO2, CH4 plasma
activated biochar. The characteristic peak from 1588 to 1903 cm−1 (G-band) corresponds
to individual graphite dominated by sp2 bonds, while the peak from 1332 to 1343 cm-1
(D-band) indicates a disordered and imperfect structure [74, 75]. The signal intensity
decreases from the untreated biochar to the treated ones, with CH4 registering the highest,
followed by CO2, H2, and finally Ar with the lowest. As seen in Table 4.2, the ratio of ID /
IG increased from 1.07 in the untreated to 1.2 after CH4 or CO2 activation and decreased
to 1.1 after H2 or Ar activation. The slight increase in the ID/IG values indicates that the
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biochar structure becomes more amorphous under the CH4 and CO2 plasma treatments
[76], suggesting better electrolyte access and more ion diffusion [77, 78].

Figure 4. 4 Raman spectra for biochar and Ar, H2, CO2, and CH4 plasma treated
biochar
Table 4.2 of the ratio of ID/IG for biochar and treated samples.
Sample

ID / I G

Biochar

1.07

CH4 treated

1.2

CO2 treated

1.2

Ar treated

1.1

H2 treated

1.1
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4.2 Electrochemical characteristics of supercapacitor
4.2.1 Cyclic voltammetry (CV) analysis of supercapacitor
The electrochemical performance of the supercapacitor cells of both the biochar
and plasma treated samples were then characterized. Figure 4.5 shows the cyclic
voltammogram (CV) curves of the fabricated supercapacitors for the untreated biochar
and the Ar, H2, CO2 and CH4 plasma activated biochar, respectively. The scan rate was 10
mV s-1 for all CV measurements. For the untreated sample, the shape appears less
rectangular, meaning less ideal EDLC behavior and high internal resistance. The shapes
of the CV curves for the Ar and H2 plasma activated biochar were less rectangular than
the CO2 and CH4 plasma activated biochar, indicating less ideal electro double layer
behavior and less stable capacitors [14, 79].
CH4 and CO2 gases have more molecules to absorb more heat, resulting in higher
thermal energy so that they can etch the carbon “harder” and create a larger surface area
on the biochar and more pores of various sizes compared with other gases. CO2
molecules, which comprise three atoms, absorb more heat during the plasma treatments
than molecules composed of two atoms such as H2 or one atom like Ar. An additional
reason for this phenomenon in CH4 is that it is a hydrocarbon gas, and its carbon particles
can more readily attach and increase the number of the small-diameter particles on the
biochar surface [80, 81]. Heat is created by the rotation, friction and collision of
molecules, so more molecules create more heat and energy [82]. Therefore, plasma
activation leads to increased pore volume and a larger surface area than found in the
untreated biochar. In addition, the treatment also promotes surface energy and chemical
structures that favor ion transport and form the double layer [65] because micropores and
mesopores participates are necessary for rapid ion accessibility [83].
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Figure 4. 5 Cyclic voltammetry curves of the biochar and the Ar, H2, CO2 and CH4
plasma activated samples with a scan rate of 10 mV s-1 and a potential window
ranging from 0 -1 V
Figure 4.6 plots the galvanostatic charge/discharge curves of the supercapacitor
cells at the alternative current densities of 0.05 A g-1 and -0.05 A g-1. Based on these
curves, the calculated values of SC were 115.3 F g-1, 164.4 F g-1, 160.7 F g-1, 181.5 F g-1
and 181.6 F g-1, for the samples of biochar carbon and Ar, H2, CO2 and CH4 plasma
treatments, respectively. Table 4.3 summarizes the SC of the biochar carbon and the Ar,
H2, CO2, and CH4 plasma treatments at different current densities ranging from 0.05 A g1

to 10 A g-1. For example, as this table shows, the SC of the Ar treatment is very low

since as an inert gas, it has low thermal energy [84], and the SC of the H2 treatment is
lower than that of the CO2 and CH4 probably because H2 has lower thermal energy and
fewer atoms. The CH4 plasma activated biochar exhibits the highest capacitance of the
supercapacitors because it has more atoms than the other gases, suggesting CH4 exhibits
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higher thermal energy than Ar, H2 and CO2 during interaction with the electrons in the
plasma medium.

Figure 4. 6 Galvanostatic charge-discharge curves for biochar, Ar, H2, CO2 and
CH4 plasma treatments at 0.05 A g-1.

Table 4.4 Specific capacitance (SC) for various specific currents for samples treated
with the plasma gases studied here

Current
density

SC YP-50

A g-1

(Fg-1)

SC CH4

SC CO2

SC H2

SC Ar

(Fg-1)

(Fg-1)

(Fg-1)

(Fg-1)

0.05

115.3

181.6

181.5

160.7

164.4

0.1

111.8

177

176.2

158.2

153.5

0.2

110.8

173

168.1

153.8

146.5

0.5

106.5

168

158.1

147

137.8
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1

102.4

162

149

139.8

128.6

2

98.15

157.1

136.7

129.1

120.4

5

92.5

148.4

130

125.4

115

10

80

126

125

120

110

Figure 4.7 shows that the SC decreased gradually with an increase in the current
density, a result that can be explained by the short time available for the electrolyte ions
to spread within the pores of biochar surface [85]. The highest specific capacitance of
181.6 F g−1 was observed at a current density of 0.05 A g-1 for the CH4 treatment. This
high specific capacitance at low current density emphasizes that the total surface area
measured by the BET (Table 4.1) contributes to an increase in the specific capacitance
[86]. In fact, at low current density, the entire surface area of the structure is accessible to
the electrolyte ions [86].
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Figure 4. 7 Specific capacitance versus current density for biochar and the Ar, H2,
CO2 and CH4 plasma treatments.
Electrochemical impedance spectroscopy (EIS) tests were conducted to further
investigate the charge transfer and characterization of the material involved in this
reaction [87, 88]. Figure 4.8 shows the measured impedance versus the impedance with
the fitting corresponding to a frequency of 0.1-100 kHz and an applied voltage of 10 mV.
The deformed semicircle in the high-frequency region of the graph is due to the porosity
of the electrode and a linear line in the low frequency region at the end is due to
diffusion-controlled doping [89]. The data were fitted with an equivalent circuit
model consisting of charge transfer resistance (Rct) at the carbon electrode/electrolyte
interface, an equivalent series resistance (Rs) corresponding to the intrinsic resistance of
active material, the resistance of the electrolyte solution and contact resistance of the
active material/current collector interface [89-91]. At the high and low frequency
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semicircle, Rs and Rct were calculated from the x-intercept of the Nyquist plots where the
x-intercept represents the Rs that corresponds to the charge transport resistance of the
supercapacitor [92]. The estimated resistance values, Rct and Rs of the untreated and the
Ar, H2, CO2 and CH4 samples are listed in Table 4.5. After the plasma treatment, the Rct
decreases dramatically from 21.7 Ω to 1.4 Ω when CH4 plasma was applied. This
decrease of Rct can be attributed to the ease of penetration of the electric signal into the
deeper pores [93, 94].

Figure 4. 8 Nyquist plots and equivalent circuit model of electrochemical impedance
spectroscopy (EIS) with best fitting for biochar and Ar, H2, CO2, and CH4 plasma
treatments.
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Table 4. 5 Charge transfer resistances (RCT) and equivalent series resistance (Rs) for
biochar as received and the CH4, CO2, H2 and Ar treated samples.
Samples

Biochar

CH4

CO2

H2

Ar

Rct

21.7 Ω

1.4 Ω

2.9 Ω

4.1 Ω

3.2 Ω

Rs

0.39 Ω

0.33 Ω

0.34 Ω

0.36 Ω

0.35 Ω

Figure 4.9 shows the Ragone plot which is the relation curves between the power
density and the energy density of the EDLCs. The energy density of untreated and the Ar,
H2, CO2, and CH4 plasma treatments is 16.02 Wh kg−1, 22.3 Wh kg−1, 22.8 Wh kg−1,
25 Wh kg−1, and 25.3 Wh kg−1, respectively, at a power density of 0.1 kW kg−1. The
energy and power density for all samples can be found in Table 4.6. Notably, the energy
and power densities of the EDLC-based supercapacitors are comparable to or even better
than the current state-of-the-art options [95],[96],[97],[98, 99].
An excellent rate of capacitance retention above 80% was achieved for all
samples as shown in Figure 4.10, with the untreated sample exhibiting the lowest
retention at approximately 83%. The Ar and H2 plasma activated biochar overlapped at
around 88%, while CO2 is at 93%, exhibiting good electrochemical stability and good
performance. CH4 has the highest capacity retention at approximately 97%, suggesting
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excellent electrochemical stability and good performance. Because CH4 has the lowest
inner resistance, it has the highest stability [100].

Figure. 4.9 The relationship between power densities and energy densities of
biochar and Ar, H2,CO2 and CH4 plasma treatments of carbon YP-50
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Figure 4. 10 Cycle number vs. capacitance retention for biochar and the Ar, H2, CO2
and CH4 plasma treatments of carbon YP-50 for 10,000 cycles.

Table 4. 6 Values of energy densities with power densities of different current
densities for untreated and CH4, CO2, H2, and Ar plasma treatments.

Biochar

CH4
activated

Current

CO2

H2

Ar

activated

activated

activated

Energy density

(Ag-1)
0.05

16.01

25.3

25.2

22.3

22.8

0.1

15.5

24.5

24.5

21.9

21.3

0.2

15.4

24.02

23.3

21.37

20.36

0.5

14.8

23.3

21.9

20.4

19.15
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1

14.2

22.5

20.7

19.4

17.8

2

13.6

21.8

18.9

17.9

16.7

5

12.8

20.6

18

17.4

15.98

10

11.1

17.5

17.4

16.68

15.29

CO2

H2

Ar

activated

activated

activated

Power density
Current
(Ag-1)

Biochar

CH4
activated

0.05

0.12

0.12

0.104

0.101

0.1003

0.1

0.26

0.248

0.204

0.203

0.203

0.2

0.6

0.67

0.417

0.415

0.4117

0.5

2.2

1.46

1.09

1.08

1.07

1

0.2

3.3

2.484

2.6

2.28

2

16.3

9.5

6.18

5.68

5.46

5

18

11

9

8

7.8

10

22

13

11

12

12

Figure 4. 11 shows the CV curves of CH4 before and after 10,000 cycles with almost no
significant change between them at 10 mV/s, results demonstrating excellent
electrochemical cyclic stability.
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Figure 4. 11 Shows the CV of CH4 before and after 10,000 cycles.

In addition, the EIS shown in Figure 4.12 demonstrates almost the same Rct before and
after 10,000 cycles.
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.
Figure 4. 12 The EIS for CH4 before and after 10,000 cycles

Figure 4.13 further substantiates that the CV curves of the fabricated supercapacitors for
all samples after 10,000 cycles maintain the same rate without change. These results
demonstrate the electrochemical stability and no change in the internal resistance.
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Figure 4. 13 The CV of biochar and Ar, H2, CO2 and CH4 plasma treatment after
10, 000 cycles
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Chapter 5
Gamma radiation influence on carbon YP-50F as an electrode of electrode double layer
capacitor

5.1 Introduction
Since its discovery, the gamma radiation has been used extensively in many
fields. Especially in the medical field, the food industry and space science [101].
In the previous work, Ahmed Reza et al. used different radiation doses ranging
from 0 to 100 kGy (1 kGy = 1000 Gray = 1000 Joule/kg) from gamma-rays (i.e. γirradiation) to treat carbon nanostructured materials (CNMs) including graphene nano
plate, graphene oxide, single-walled carbon and multi-walled carbon. After irradiation
they investigated the defects by using Raman spectroscopy, XRD and FTIR [102]. All
materials showed a simultaneous competition between new defects and graphitization in
the CNMs depending on the gamma dose and the kind of material [102]. Raman
spectroscopy showed that at 100 kGy the value of ID/IG (ratio of the graphitic and the
disorder peaks ) increased [102].
In another recent study, Ankamwar et al. compared graphene-gold
nanocomposites fabricated by chemical and γ-irradiation methods as an electrode for
supercapacitors. The specific capacitance value was 5 times greater with γ-irradiation
than with the chemical synthesized electrode. In addition, life cycle testing demonstrated
that electrodes subjected to γ-rays have a suitably long cycle life and a stable specific
capacitance after 600 cycles [103, 104].
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In 2015 Najah et al. used gamma irradiations of 5 kGy,15 kGy, and 20 kGy to
treat and activate green monoliths (GMs) for use as electrodes for a supercapacitor. The
specific capacitance increased from 121 Fg-1 to 196 Fg-1 after 5 kGy γ radiations and then
decreased to be 11 Fg-1,12 Fg-1 when γ radiation was increased to 15, 20 kGy. The
irradiation dose of 5 kGy appears to be a suitable dose for GMs, producing a specific
power and specific energy of 23.6 W kg-1 and 5.45 W h kg-1 [105], respectively.
5.2 Experimental details
5.2.1 Treatment with gamma radiation
An industrial gamma sterilizer in the 3M Corporation was used to irradiate
biochar samples. The facility uses gamma rays at energies 1,173 Kev and 1,332 Kev
generated during the radioactive decay of Cobalt - 60, where 1 Kev is 1,000 ev and 1 ev
is the energy gained by an electron while passing through a voltage of 1 Volt. Typically,
the sample is in a tote that lies on a track running next to the source.
5.3 Results and discussion
Fig 5.1 provides a simple diagram, explaining about the gamma process for
treating a sample. Radiation doses from an industrial gamma sterilizer can be measured
both by physical dosimeters and by Monte Carlo simulations that model the energy
deposited by the radiation in the sample [106, 107]. Radiation doses are measured in
units of Grays, where one Gray (Gy) is a Joule absorbed per kilogram of material, and 1
Kilo Gray (1 kGy) is 1,000 Gy.
The facility has been used to study the mechanical effects of gamma irradiation
on materials in addition to biochar, including samples of high density polyethylene
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(HDPE) [108], acrylonitrile butadiene styrene (ABS) [109], and 3d-printed poly lactic
acid (PLA) [110], all of which have the potential to be used in various engineering
applications.

Figure 5. 1 A simple schematic of the gamma radiation process at the 3M
Corporation.
The morphological studies of the carbon treated by gamma rays were carried out
by scanning electron microscopy (SEM). The SEM image of carbon YP-50 without
gamma treatment shows that the biochar contained a mixture of large and small particles
(Fig. 5.2a). Following the 50 kGy radiation, the particles became smaller, but the average
pore size remained approximately the same as the original (Fig. 5.2b). Such a
microstructure offers a large surface area for 100 kGy radiation and ensures better
accessibility to the electrolyte. The connectivity between the grains of the particles
increase with a decrease in the average size of the particles, thereby enhancing the
electrical conductivity and specific surface (Fig. 5.2c). These results suggest that the
gamma radiation etched off and broke down certain phases in the biochar YP-50. The
150 kGy broke down the large particles into smaller ones, and removed the extremely
fine particles (Fig. 5.2d) [111].
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50 μm

50 μm

50 μm

50 μm

Figure 5. 2 SEM Images of (a) biochar and (b) 50 kGy gamma activated, (c) 100 kGy
gamma activated, and (d) 150 kGy gamma activated biochar.
Additional measurements were performed to understand the influence of gamma
radiation on the biochar YP-50 composition, structure, porosity and specific surface area
using Brunauer–Emmett–Teller (BET). Fig. 5.3a shows the N2 sorption isotherms of
untreated, 50 kGy, 100 kGy and 150 kGy gamma doses of biochar YP-50. All the plots
show very similar shapes and according to the IUPAC classification scheme, the
N2 isotherms are type IV isotherms, with the formation of mesoporous structures in all
products before and after gamma radiation being confirmed. Clear hysteresis loops in the
relative pressure range between 0.4 - 0.9 were observed. Fig. 5.3a also indicates a sharp
capillary condensation in the relative pressure range from 0.9 – 1.0, indicating a regular
mesoporous structure. As seen in Fig. 5.3 a and table 5.1, the untreated sample seems to have
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the smallest pore volume and surface area which are 0.46 cm3g-1, 1,451.2 m2g-1 respectively.
At the 50 kGy dose, its plot overlapped the 150 kGy plot with similar values of surface
area and pore volume. The reason for this result is that the 50 kGy dose was not strong
enough dose to break the chemical bonds of biochar. The 150 kGy dose was large enough
to break the larger particles into small ones, and the100 kGy dose exhibits the largest
volume and surface area contributions from mesoporous particles, which are important
for electrolyte ion transport during charging and discharging. Table 1 shows the textural
properties obtained from the N2 sorption isotherms.

Figure 5. 3 (a) Nitrogen adsorption–desorption isotherms for activated biochar from
non-irradiated and γ-irradiated at different gamma radiation dosage.
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Table 5.1 The BET and pore structure parameters of the biochar and treatment
samples

Samples

a)

SBET /

T-micropore volume

Average pore

b)/ cm3g-1

width /nm

m2g-1

Biochar sample

1,451.2

0.46

1.74

50 kGy

1,507.9

0.52

1.77

100 kGy

1,562.9

0.55

1.82

150 kGy

1511.1

0.53

1.75

Fig 5.3b and table 5.2 show the Ragone plot (power density vs. energy density
based on the total mass of the active material on both electrodes) of the supercapacitors
made from untreated and50 kGy,100 kGy, and 150 kGy carbon treated with gamma rays.
Equations number 2.2 and 2.3 were used to calculate the energy density and power
density at different current densities (table 5.2).
The highest energy density was 34.2 wh kg-1 at the specific power of 0.1 kw Kg-1
for the 100 kGy gamma treated supercapacitor.
As table 5.2 and fig. 5.3b clearly show, this supercapacitor exhibits excellent
performance, even when the power density of the device reaches 31.08 kw kg-1, the
energy density still remains at 25.9 wh kg-1, indicating that this treatment method is a

71

promising approach for fabricating commercial supercapacitors. The calculated energy
density is higher than or comparable to the few reported electro double layer capacitor
devices such as [105, 112-115].

`

Figure 5.3 (b) Ragone plot for Biochar, 50 kGy, 100 kGy, and 150 kGy
gamma radiation.

72

Table 5.2 Values of energy densities for power densities with different current
densities for biochar, 50 kGy, 100 kGy, and 150 kGy gamma radiation.

Biochar

50 KGy gamma
Power Energy
density density

100 kGy gamma

150 kGy gamma

Power
density

Energy
density

Power
density

Energy
density

Power
density

Current
(Ag-1)

Energy
density

0.05

16.01

0.12

28.3

0.101

34.2

0.1

25.7

0.1

0.1

15.5

0.26

26.4

0.204

32.7

0.202

25.1

0.207

0.2

15.4

0.6

25.6

0.422

31.8

0.411

24

0.425

0.5

14.8

2.2

24.2

1.13

30.6

1.06

22.4

1.18

1

14.2

10.2

22.9

2.57

29.7

2.3

19.2

2.6

2

13.6

16.3

21.5

7.03

28.8

5.5

17.5

8.04

5

12.8

18

17.2

51

25.9

31.08

15.8

11

10

11.1

22

13.9

60

22.5

33

13.2

13

a) Specific surface area from multiple BET method.
b)Total micropore volume at P/P0 =0.99.
Fig. 5.4a shows the Raman spectroscopy of untreated and 50kGy, 100 kGy and
150 kGy of samples treated with gamma radiation. The characteristic peak around
1,600 cm−1 (G-band) corresponded to individual graphite dominated by sp2 bonds, while
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the peak around 1,340 cm−1 (D-band) indicates an imperfect structure of carbon [74, 105,
116].
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Figure 5.4a Raman spectroscopy for biochar and treated gamma samples.
Cyclic voltammetric (CV) measurements were performed over a potential
range of 0.0 to 01 V. As Fig. 5.5a shows, the untreated curve has a minimal
rectangular shape and lower current values during the same potential sweep
compared to other shapes. Also, Fig. 5.5a shows that after gamma treatments the
rectangular-like behavior of the CV curves are capacitive and highly reversible
[83]. More specifically, the 50 kGy curve has rectangular shape and high current
during the potential sweep, results which are expected because its gamma dose
was not high enough to create a large variety in particles sizes. For the 150 kGy
curve, the shape area decreased, and the current value was lower than for other
gamma shapes even though the potential sweep was the same. This reduction can
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be explained by the fact that the 150 kGy dose broke the large particles into very
small ones, making the particle diameter very small. Thus, the specific surface
area is not enlarged and, therefore, not suitable for ion diffusion because of the
linear relationship between specific surface area and capacitance [83]. After 100
kGy radiation, the curve becomes more rectangular, with higher current values
during the same potential sweep, because this dose has enough energy to break
down the large particles to different small sizes, making the surface area bigger
and suitable for charges to move at the electrode/ electrolyte interface.

Figure 5.5 a Cyclic voltammetry for Biochar and gamma treated samples
The galvanostatic charge-discharge plots for the electrodes of untreated
and50 kGy, 100 kGy, and 150 kGy gamma radiation treatments at 0.05 Ag-1 are
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shown in Fig. 5.5b for the voltage window of 0 -1 V. The shapes of the plots are
triangular, indicates that the electrodes have good capacitive behavior. The
specific capacitance was 115.3 Fg-1 with untreated carbon compared to 185 Fg–1
of capacitance after 150 kGy dose whereas specific capacitance of 203 Fg–1 was
obtained for 50 kGy dose sample at the same current density. The 100 kGy dose
exhibits a specific capacitance of up to 246.2 Fg–1 at a current density of 0.05 Ag1

, as shown in Fig. 5.5c, and table 5.3 even at a high current density (10 Ag-1) the

100 kGy shows a high capacitance value of 100 Fg-1. These results indicated a
good rate capability also suggest the ability of the carbon treated with gamma
radiation to deliver high power. The high capacitance and excellent rate
performance are due to the stringy morphology of the carbon electrodes after the
gamma treatments, a structure which allows for the rapid transportation of the
electrolyte and efficient ion diffusion [83].

Figure 5.5 b Charge discharge diagram for biochar and gamma treated sampl
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Table 5.3 Current density versus specific capacitance of biochar and gamma
treated samples
Specific
Capacitance
50 kGy dose
100 kGy
dose

Current density (Ag1)

Biochar

0.05

115.3

203.6

246.2

185

0.1

111.8

190.3

235.5

180.9

0.2

110.8

184.1

229.3

173.2

0.5

106.5

174.5

220.2

161

1

102.4

165.3

214.2

138.04

2

98.15

154.6

207.2

126

5

92.5

123.7

186.8

114

10

80

100

162

95

150 kGy
dose

Figure 5.5 c Specific capacitance versus current density of biochar and gamma
treated samples
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Electrochemical impedance spectroscopy (EIS) is a technique used to
check the capacitive behavior of the cell and to investigate the ability of the
carbon materials to function as electrodes. At an applied voltage of 10 mV within
a frequency range of 100 kHz to 0.1 Hz. The Typical Nyquist impedance spectra
recorded for untreated, 50 kGy, 100 kGy, and 150 kGy gamma radiation treated
samples are shown in Fig. 5.5d and table 5.4. All plots show a single semicircle in
the high frequency region and a straight line in the low-frequency region. This
single semicircle has small internal resistance and equivalent series resistance
(Rs) in the high-frequency region corresponding to the intrinsic resistance of the
active carbon and the resistance of the electrolyte solution and current-collector at
its interface [89-91]. The other resistance observed in the single semicircle
observed is charge transfer resistance (Rct) at the carbon electrode/electrolyte
interface, which was 21.7 Ω without treatment and became 7.4 Ω after 100 kGy
gamma treatment.
Due to the diffusion processes of ions, all resistance plots show a vertical
line in the low frequency [83]. In addition, this straight line indicates the
capacitive nature of the treated carbons. The diameter of the semicircle in the high
frequency region explains the polarization resistance, and the porous structure of
the active material is correlated with the diameter of the semicircle [83].
These results indicate that good rate capability, also, suggesting the ability
of the carbon treated with gamma radiation to deliver high power.
The high capacitance and excellent rate performance are due to the stringy
morphology of the carbon electrodes after gamma treatments, a structure which
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facilitates the rapid transportation of the electrolyte and efficient ion diffusion
[83].
Therefore, the results of gamma irradiation indicate that an EDLC device
can be used in applications with the large power densities as well as large energy
densities.

Figure 5. 5 d Electrochemical properties were tested using the two-electrode system.
The EIS curves of untreated, 50 kGy, 100 kGy and 150 kGy gamma radiation
electrodes at applied voltage of 10 mV within a frequency range of 100 kHz to 0.1
Hz.

Figure 5.6 Diagram of the resistances of a Supercapacitor
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Table 5.4 Charge transfer resistance and equivalent series resistance for untreated,
50 kGy, 100 kGy, and 150 kGy gamma rays treated samples.
Resistance

YP-50

50 kGy

100 kGy

150 kGy

RCT

21.7 Ω

13.6 Ω

7.4 Ω

16.7 Ω

RS

0.33 Ω

0.15 Ω

0.64 Ω

0.56 Ω

To further investigate the excellent electrochemical performance of carbon YP-50 under
gamma irradiation, the specific capacitance for 10,000 cycles was repeated to measure
the stability of the samples before and after gamma radiation. Figure 5.6 shows the
capacitance

100

capacitane retention
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Biochar

60

100 kGy

40

50 kGy
150 kGy

20
0

0

2000

4000

6000

8000

cycles number

10000

Figure 5.7 Capacitance retention versus cycle number
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retention versus cycles number. After 10,000 cycles, the capacitance retention of 100
kGy was 97%, and the biochar without radiation was 83 %. Cyclic voltammetry and
impedance measurements were repeated for 100 kGy after 10,000 cycles. Fig. 5.6a shows
the CV before and after 10,000 cycles for 100 kGy within a potential range of 0.0 – 01 V.
The shape before 10,000 cycles is maintained with no distortion after the additional
cycles.

Figure 5. 8 (a) Cyclic voltammetry for 100 kGy before and after 10,000 cycles.
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The EIS values of resistances for 100 kGy before are still in the same range as before
which indicated that 100 kGy after 10,000 cycles gives the cell good performance and
electrochemical cyclic stability after 10,000 cycles.

Figure 5.8 (b) EIS for 100 kGy before and after 10,000 cycles.
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Chapter 6
Summary and conclusions
6.1 Summary
1. Supercapacitors are important storage devices for renewable energy purposes because
of their unique properties such as a rapid charge – discharge rate, high power density,
long – term stability for a long time and a long thermal operating range. The carbon
electrode is the most important component in a supercapacitor. The use of carbon
materials such as graphene, carbon aerogels and carbon nanotubes in supercapacitors has
been widely studied. Unfortunately, these types of carbon are expensive and
environmentally unfriendly. To date, activated carbon, derived from biomass, has been
used because it has low cost, environmentally friendly and easy to fabricate. For these
reasons activated carbon is suitable for fabricated of energy storage devices.
Unfortunately, the specific capacitance of this material is comparatively low and needs to
be improved. To increase the specific capacitance of supercapacitors, activated carbon
should be treated to increase its surface area, thus increasing the specific capacitance.
Several treatment methods have been used including the conventional hydraulic method,
which is inefficient, that is because it is time consuming and labor - intensive.
2. Electrophoretic deposition (EPD), which requires less time and effort than the
conventional method, involves depositing an electron solution on an electrode.
Electrophoretic deposition of activated carbon has recorded a specific capacitance of 140
F g-1, and activated carbon synthesized from rice husks has recorded a specific
capacitance of 210 Fg-1. With EPD, it is easy to control the thickness and the time of the
deposition, both of which are very difficult with the conventional method.
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3. Plasma treatment is a new approach for increasing the surface area of carbon to create
more and a larger variety of pores. This method is different from other treatments such as
physical and chemical activation as it is easier, requires less time and effort, and etches
the entire material surface unlike other methods. The effect of plasma activation for
different time periods on activated carbon with O2, Ar and CO2 gases has been studied.
4. The objective of the research reported here was to (a) use plasma activation on treated
carbon biochar to increase specific surface area and to (b) use the electrophoretic
deposition method to deposit carbon material on nickel foil.
5. A Supercapacitor is composed of two carbon electrodes, a liquid electrolyte and two
separators. When DC is applied, the charged particles are attracted to the electrode with
the opposite charge. Thus, the positive carbon electrode attracts the negative ions in the
electrolyte and the negative carbon electrode attracts the positive ions, forming a double
layer capacitor. Even though activated carbon has a large surface area, not all of it
contributes to the total capacitance of the device. Plasma treatment introduces ions and
electrons that are highly reactive with a carbon surface, creating pores.
6. Scanning electron microscope (SEM) was used to measure particle size and
morphological changes before and after the plasma treatment. Raman spectroscopy was
used to measure the structure of the material. BET measurement was used to determine
the features of the pores and the specific surface area. Cyclic voltammetry (CV) was used
to measure the relationship between the current and voltage. Electrochemical impedance
(EIS) spectroscopy was used to measure internal resistance between the electrode and
electrolyte.
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7. Biochar carbon YP-50 was used as the activated material for the supercapacitor
electrode. Many plasma gases including CH4, CO2, H2 and Ar were used to treat the
biochar for 10 minutes. A solution was made from biochar, ethyl cellulose and acetylene
black and isopropyl alcohol for EPD.
8. Specific capacitance (SC) and specific surface area (SSA) were increased after
different the plasma treatments. For example, after the CH4 plasma treatment biochar
recorded the highest specific capacitance at 181.6 F g-1 at 0.05 A g-1. In addition, the
energy density and the power density at 25.3 wh kg-1 and 0.12 kW kg-1, respectively.
Furthermore, the charge transfer resistance reduced from 21.7 Ω to 1.4 Ω after the same
treatment.
For Gamma radiation project:
The carbons YP-50 was activated and treated by a novel and efficient way which
is gamma ray irradiation.
Gamma treatments were applied to break the large particles into small ones to
increase the surface area. As a result, the specific capacitance increased from 115Fg-1
(83%) without treatment to 246 Fg-1 (97%) after 100 kGy gamma radiation treatment.
The results also show that the electrode of the supercapacitor can exhibit a high energy
density of 34.2 wh kg-1, power density of 0.1 kw kg-1 at density current of 0.5 A.g-1.
6.2. Conclusions
Commercial biochar carbon YP-50 was successfully used to replace expensive
and unfriendly environmental graphene as an electrode in a supercapacitor.
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Electrophoretic deposition was found to be an efficient new technique for controlling the
thickness of the deposit material and for reducing the time needed.
Plasma treatments were found to be an easier, faster approach for activating
carbon material with less time consuming than the conventional methods. The SEM
images showed that the plasma treatments created pores with a larger variety of sizes and
volumes more than untreated samples.
Cyclic voltammetry shapes for CH4, CO2 plasma were more rectangular and ideal
than other plasma shapes such as H2, Ar treated and untreated biochar. This result
suggests that the plasma treatments break down the large particles into different smaller
sizes, making the surface area larger and more suitable for charges movement at the
electrode/ electrolyte interface.
Electrochemical impedance spectroscopy (EIS) for all plots indicated two types of
resistance, Rs and Rct. Rs is the equivalent series resistance in the single semicircle in the
high frequency region, and Rct is the charge transfer resistance in a straight line in the
low frequency region. All resistances were reduced after plasma treatments because the
morphology of the carbon electrode was stronger where these plasma treatments facilitate
rapid transportation of the electrolyte and efficient ion diffusion between the electrode
and the electrolyte.
Methane and carbon dioxide plasma treatments can lead to higher specific
capacitance and lower resistance compared to other gases such as Ar and H2.
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For gamma radiation project:
Our investigation in this work not only opens and provides a novel guideline for
engineering gamma treatments into a promising electro double layer capacitor material
but also presents a new and affordable general method for treating and activating
electrodes materials for devices.
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